Acid-sensing ion channels (ASICs) are widely expressed in mammalian sensory neurons and supposedly play a role in nociception and acid sensing. In the course of functioning the redox status of the tissue is subjected to changes. Using whole-cell patch-clamp/concentration clamp techniques we have investigated the effect of redox reagents on the ASIC-like currents in the sensory ganglia and hippocampal neurons of rat. The reducing agent dithiothreitol (DTT), when applied in the concentrations 1-2 mM, reversibly potentiates proton-activated currents, while the oxidizing reagent 5,5V-dithio-bis-(2-nitrobenzoic acid) (DTNB) causes their inhibition. The EC50 and Hill coefficient for the activation of ASIC-like currents by protons are not affected by DTT. Redox modulation of proton-activated currents is independent on the membrane potential and on the level of pH used for the current activation. The endogenous antioxidant tripeptide glutathione (its reduced form, g-l-glutamyl-l-cysteinyl-glycine, GSH) also potentiates proton-activated currents. Our results indicate that ASIC-like currents are susceptible to regulation by redox agents. D
Introduction
The majority of sensory neurons in the dorsal root ganglia and trigeminal ganglia of mammals express ASICs. They respond to low external pH (pH50=6.4) by mediating an amiloride-sensitive and sodium-selective current with fast desensitization kinetics [1, 2] . Currently three genes and five major transcripts coding for ASIC subunits in the mammals have been cloned and characterized [3] . All subtypes of ASICs (DRASIC, ASIC-a, MDEG1, ASIC-h) share three conserved cysteines within the N-terminal region of the extracellular loop and nine conserved cysteines within the C-terminal region [4] . There are two additional cysteine residues in ASIC-h [5] .
Cysteine residues participate in disulfide bridge formation. The importance of the disulfide bridge(s) for the function of ASICs proton receptors has not been yet investigated. The regulation of proton receptor function by redox reagents can be physiologically important considering the presence of endogenous redox compounds, e.g. glutathione and ascorbic acid, both at the periphery and in the central nervous system (CNS) [6, 7] . Moreover, the endogenous reducing agent glutathione can be released in brain slices (including hippocampal) in a Ca 2+ -dependent fashion [8] .
The present study addresses the issue of modulation of native neuronal proton receptor function with redox agents.
Methods

Sensory neurons isolation
Wistar rats (10-12 days) were decapitated without anesthesia and the sensory ganglia were removed. They were transferred to the extracellular solution containing (mM/L): 125 NaCl; 5 KCl; 2.5 CaCl 2 ; 10 n-2-hydroxyethylpiperazine-NV-2-ethanesulfonic acid (HEPES), pH adjusted with NaOH to 7.4 and kept in this solution for 10 min at room temperature. The enzymatic treatment proceeded in the same solution, but deprived of Ca 2+ in the presence of 0.5 mg/ml pronase, type E at 34 8C for 20-50 min. Trigeminal (TG) or dorsal root (DRG) ganglia was transferred subsequently into enzyme-free solution: Dulbecco's modified Eagle's medium (DMEM), 20 HEPES, pH 7.4. Single neurons were isolated by successive trituration through several fire-polished pipettes with opening diameters from 0.5 to 0.2 mm. After isolation the neurons were usually suitable for the recording for 2-3 h.
CA1/CA3 hippocampal neurons isolation
For isolated cell preparation the hippocampus was removed from 14-20 day old decapitated rats and cut into 300-500 AM thick slices in the solution with the following composition (in mM): NaCl 130, KCl 5, NaHCO 3 26, NaH 2 PO 4 1.25, CaCl 2 1, MgCl 2 1.5, glucose 10. Slices were incubated for 10-30 min at 32 8C with 0.5% protease from Aspergillus oryzae, then kept for 20 min in the solution with bovine serum albumin at room temperature. Throughout the entire procedure the media were continuously saturated with a 95% O 2 and 5% CO 2 gas mixture to maintain pH 7.4. The dissociation of cells was performed in the solution with the following composition: NaCl 130, KCl 5, MgCl 2 1, CaCl 2 2, HEPES 20, pH 7.3. Single cells were isolated by the vibrodissociation method. The pyramidal neurones with a diameter of 15-30 AM were identified by their characteristic dendritic arborisation.
Solutions and materials
The composition of the standard external solution was as follows (in mM): NaCl 130, KCl 5, MgCl 2 Pronase E was from Merck, and all other chemicals were from Sigma.
Electrophysiological recordings
ASIC-like currents were recorded by using conventional patch-clamp techniques in the whole-cell configuration. The patch micropipettes had the resistances of 0.5-2 MV. Command potentials were corrected for the liquid junctional potential between the internal and bath solutions. The recorded currents were filtered at 3 kHz (four-pole active Bessel filter), digitally sampled at 50-2500 As intervals, stored and analyzed with an IBM-PC computer, using X-Screen (by T.Tsinzadze) and Origine Software.
Fully automated PharmaRobot (Kiev) set-up was used for rapid application of the salines to the cell. Complete exchange of the saline was achieved within 20-30 ms. The experiments were performed at room temperature 21-23 8C.
Results
The majority of experiments have been performed on the neurons from trigeminal ganglia (TG). Fig. 1A demonstrates ASIC-like currents in response to a rapid shift of pH from 7.3 to 4.5. After preincubation with 1 mM of DTT for 2 min (which did not alter the resting membrane conductance), low pH solution was applied in the presence of DTT. In 12 out of 17 cells the peak (I peak ) of proton-activated current was enhanced by DTT (1 mM) by 46F11% ( Pb0.001), here and below the data are presented as meanFS.E.) and the decay of proton-activated current (t decay ) was slowed down by 23F6% (n=12, Pb0.01, Fig. 1A) . Similar results were obtained in isolated neurons from dorsal root ganglia. Both potentiation and slow-down induced by DTT were only partially reversed in the control solution.
Besides the ASIC channels the capsaicine receptor TRPV1 also functions as a H+-gated cation channel in sensory neurons (Tominaga et al., 1998 [9] ; Caterina et al., 1997 [10] ). To exclude possible contribution of TRPV1 in the effects of redox compounds on proton-activated currents, the experiments were performed in the presence of TRPV1 antagonist capsazepine. Similar results have been obtained (Fig. 1B) . In the presence of capsazepine I peak was enhanced by DTT by 45F6% (I peak increase was observed in 3 out of 4 cells) compared to 46F11% in the control.
In other series of experiments the cells were exposed to the endogenous antioxidant glutathione in its reduced form (GSH). In the concentration of 2 mM GSH enhanced the peak of proton-activated response (Fig. 1C) . GSH potentiated I peak by 38F6% ( Pb0.0001) in 6 out of 10 cells tested. To assess the range of possible modulation of proton receptor function by oxidation, the sensory neurons were exposed to the oxidizing reagent DTNB (0.5-2 mM). In the concentration of 5 mM DTNB inhibited the peak current by 72F3% (n=3, Pb0.02). Following the removal of GSH or DTNB the effects were partially reversible.
We have measured the dose-response relationships for the activation of ASIC-like currents by protons in control conditions and under DTT. Proton-activated responses were proportionally increased by 1 mM DTT at each concentration of protons resulting in the enhanced maximum response (Fig. 2A) . The EC50 value was not altered by DTT (pH 5.73F0.08 in the control vs. 5.64F0.21 with 1 mM DTT, PN0.1; n=4).
DTT did not affect the steady-state desensitization of the proton-activated conductance. The extent of potentiation induced by 1 mM of DTT was the same for the responses elicited from 3 different pH levels: 7.1, 7.3 and 7.6 (n=3, data not shown).
The possibility that the site of action for the redox reagents on the proton receptor may be affected by the electric field in the membrane was addressed by analyzing the current-voltage (I-V) relationships of proton-activated currents over the membrane potential range À120 to +50 mV.
Both peak and steady state values of proton-activated current were enhanced by 2 mM DTT in a voltageindependent manner (Fig. 2B) . The E rev estimated from I/ V curves is 63.5F3.1 mV in control conditions and 68.3F3.5 mV under DTT (n=4, Pb0.05). In control conditions the reversal potential practically coincides with the Na + equilibrium potential (E Na =+64.6 mV with extraand intracellular solutions containing 130 and~10 mM Na + ), reflecting predominate selectivity of ASIC-like currents for Na + ions. The I-V relationship in the presence of DTT demonstrated an increase in the slope conductance (DTT/control slope conductance ratio of 1.31F0.15; n=4) while the reversal potential was only slightly altered (DE rev =5.4F1.6 mV; n=4).
This suggests that the redox modulatory site of the proton receptors is not affected by the membrane voltage and is probably located outside the intramembrane part of the ion channel. This notion is in accordance with the extracellular location of cysteine-rich domain of proton receptor [5, 11] .
The Ca 2+ permeability is an important characteristic for various channel types and has far-reaching functional implications. The inward current due to the activation of ASICs in sensory neurons comprises a component carried by Ca 2+ [12] . The permeability ratios for Ca 2+ versus monovalent cations ( P Ca2+ /P M ) have been determined from the reversal potential of ASICs [12, 13] or from the measurements of fractional Ca 2+ currents [14] . These values, however, vary considerably among the different studies, ranging from 0.31 to 0.84. Relative P Ca2+ /P M permeabilities determined from fractional Ca 2+ currents for slowly-inactivating proton-induced currents (at pH 5.1) was 1.65F0.11% (n=17) while the same ratio for fast inactivating proton-induced currents was negligible [15] . The precise determination of Ca 2+ permeability remains yet quite difficult because Ca 2+ has been shown to produce a shift of all the parameters of ASICs competing with protons for the receptor binding sites [12, 16, 17] . However, elevation in the intracellular free Ca 2+ concentration upon exposure to acidic solutions has been demonstrated in numerous studies on TG and DRG neurones [18, 19, 13] .
We have compared the effects of DTT on the total (Na + / Ca 2+ -carried) and fractional Ca 2+ -carried proton-activated currents. In our experimental conditions ([Ca 2+ e ]=2 mM, V h= À100 mV) the relative fractional contribution of Ca 2+ to the total proton-induced current comprised 2.7F1%. In the absence of Na + in extracellular solution Ca 2+ current through proton-activated channels was potentiated in the presence of DTT by 242F12% vs. 146F43% (n=6, Pb0.05) for the total Na + /Ca 2+ current measured in the same cell (Fig. 3A,B) , while the kinetics of decay remained unchanged. This corresponds to the increased relative fractional contribution of Ca 2+ to the total proton-induced current to 4.3F1%.
We have also examined the effect of redox reagents on the proton-activated currents recorded from central neurons. Hippocampal neurons have been shown to express functional ASIC1a and ASIC2a as well as ASIC2b [20] . These cells lack DRASIC and ASIC1b-containing heteromeric channels specific for sensory neurons. However, like in sensory neurons, 1 mM DTT induced the potentiation of I peak (131F6% enhancement over control, n=5; Fig. 3C ). This result was, in fact, expected since the numerous cysteine residues are conserved in all subtypes of neuronal proton receptors (including ASIC1, ASIC2 and ASIC3 (DRASIC)) [5] and correspondingly share a common location of the disulfide bridge in the extracellular loop.
Discussion
During metabolic stress, particularly following inflammation, the cell environment is displaced toward a more reduced state [21] [22] [23] . This reducing environment could place the redox modulatory site of the proton receptor in the reduced, sensitized state increasing the efficacy of proton receptor activation. Similarly, a reducing environment could enhance proton receptor-dependent nociception both acutely and chronically. Numerous endogenous redox regulators are effective in the tissue. They include such agents as ascorbic acid, cysteine, homocysteine, dihydrolipoic acid, lipoic acid, reactive oxygen radicals and nitric oxide. GSH is the most abundant thiol normally present in the extracellular medium in the concentrations 1-2 mM, while its intracellular concentration in mammalian cells is up to 12 mM [6, 7, 24] .
Numerous ligand-gated ion channels are regulated by redox reaction, notably, NMDA [25] [26] [27] [28] , nACh [29] [30] [31] , glycine [32, 33] and GABA receptors [34] . Here we report that proton-activated receptors are also modulated by redox agents including gluthatione. Acid sensing is a specific kind of chemoreception that putatively plays an important role in nociceptive signaling [3] . The drop of extracellular pH is a naturally occurring phenomenon in ischemic, damaged, or inflamed tissue [35] . The reduction of pH in these conditions can be dramatic. ASICs expressed in the sensory neurons are supposed to modulate pain sensation associated with these conditions [36, 37] .
The susceptibility of the ASICs in the majority of tested neurons to both reducing and oxidizing reagents suggests that in our experimental conditions the cysteine residues are in equilibrium between fully oxidized and fully reduced forms. However in some cells ASIC-like currents were not potentiated by reducing agents. Redox regulation by DTT and DTNB appeared to be independent on the external proton concentration used to activate the receptor: The concentration-response curves were not shifted; correspondingly, the EC50 values were not altered, indicating that the agonist-binding site is not affected by DTT.
Our data also indicate that the fractional contribution of Ca 2+ to the total proton-activated current increased from 2.7F1% in the control to 4.3F1% under DTT.
The increased impact of Ca 2+ influx into the total protonactivated current may reflect the increased contribution of the channel subtypes that display higher Ca 2+ permeability or decreased contribution of Ca 2+ impermeable subtypes. It has been demonstrated that relative Ca 2+ permeability is highest for ASIC1a, with P Na /P Ca permeability ratios of 2.5 and~17 [38] [39] [40] , while ASIC3 and ASIC1b are practically impermeable for Ca 2+ ( P Na /P Ca N100). The Ca 2+ permeability might be important for the cellular function of proton-activated channels. The fractional contribution of Ca 2+ to the total proton-induced current appears to be rather low compared with highly Ca 2+ -permeable ion channels, such as the NMDA or P2X receptor channels [14, 41, 42] . However, in view of a weak inactivation of sustained component and long-lasting elevation of proton concentration in inflamed or ischemic tissue may induce substantial Ca 2+ influx through sustained proton-activated channels and result in a functionally significant increases in [Ca 2+ ]i in primary sensory neurons, which might be responsible for proton-induced TTX-and ù-conotoxinresistant peptide release [43] and other Ca 2+ -mediated intracellular events.
Beyond the periphery, ASICs have been also found highly expressed in central nervous systems [11, 38] with the exception of ASIC1b and DRASIC; the other ASIC subunits have widespread distribution in the rat brain. A high level of mRNA for ASIC1a, as well as for both ASIC2 variant subunits, has been localized in the hippocampus [44, 45] . The function of ASICs in the central nervous system remains unclear. It has been proposed that ASICs might function as a low pH detector in pathophysiological conditions such as epilepsy and ischaemia, accompanied by tissue acidification [46] [47] [48] [49] . However, the functional significance of ASICs in normal conditions are not excluded as well [20] . As mentioned above, cysteine rich extracellular loop is conserved for all types of neuronal ASICs. Correspondingly it is of no surprise that the potentiating effects of reducing agents on the proton-activating currents are observed also in hippocampal neurons.
The proton-activated currents current in rat cerebellar Purkinje neurons have been reported to be potentiated by ischaemia-related signals including membrane stretch (which occurs in ischaemia when [K + ] o rises), arachidonic acid and lactate which is released when metabolism becomes anaerobic in ischaemia [50] .
We conclude that the enhancement of proton-activated currents by redox compounds and in particular by GSH has potentially important physiological implications both in CNS and at the periphery. The present study allows to suggest that in the in vivo conditions proton receptors reside in the oxidized state until some pathological event (metabolic stress) displace the cell environment toward more reduced state leading to the modification of redox site of proton receptor.
